As suggested by several investigators (5, 16), the virulence of Mycoplasma pneumoniae may be due, in part, to the toxic actions of H202 secreted onto the tissues of the respiratory tract. In this paper, we describe the results of a quantitative study of H202 secretion by M. pneumoniae and M. gallisepticum. The method used to measure H202 is a new one which employs catalase and 3-amino-1,2,4-triazole (AT); it has been described in detail (6). The method does not depend upon accumulation of H202 in the mycoplasma suspension medium and, therefore, it can be used to estimate H202 secretion in the presence of a peroxidase-like activity exhibited by the mycoplasmas.
omitted and exogenous H202 was added to the mycoplasmas, a loss in H202 was noted with time; the addition of glucose speeded the disappearance of H202. The presence of this peroxidase-like activity in the mycoplasmas explains an observed failure of H202 to accumulate freely in the suspension medium.
As suggested by several investigators (5, 16) , the virulence of Mycoplasma pneumoniae may be due, in part, to the toxic actions of H202 secreted onto the tissues of the respiratory tract. In this paper, we describe the results of a quantitative study of H202 secretion by M. pneumoniae and M. gallisepticum. The method used to measure H202 is a new one which employs catalase and 3-amino-1,2,4-triazole (AT); it has been described in detail (6) . The method does not depend upon accumulation of H202 in the mycoplasma suspension medium and, therefore, it can be used to estimate H202 secretion in the presence of a peroxidase-like activity exhibited by the mycoplasmas.
MATERIALS AND METHODS
Reagents. All reagents were prepared as described elsewhere (6) .
Organisms. The FH strain of M. pneumoniae and the S6 strain of M. gallisepticum (obtained from David Madden of the National Institutes of Health) were grown on the medium of Chanock et al. (2) , but modified by the addition of 1% glucose and 0.002% phenol red. The colonies were grown in 500 ml of medium contained in 2-liter Povitsky bottles, where they adhered to the glass surface and formed a confluent layer (15) beneath the broth medium. The broth was removed by decantation, and the layer of organisms adhering to the surface was washed five times with 100-ml volumes of buffered saline. The colonies were removed by scraping and were suspended in 10 to 20 ml of buffered saline. We used cultures which were in the 15th to the 358th passage on artificial medium. In one series of experiments, M. pneumoniae suspensions were prepared 10 to 30 min before the studies were performed; in other experiments, the washed M. pneumoniae and M. gallisepticum suspensions were held at 0 to 5 C and sent from Bethesda to New York City, where experiments were performed after a 6-to 8-hr delay in transit.
Acid-forming units were determined by serial 10-fold dilutions of the mycoplasma suspension into broth containing 1% glucose and 0.002% phenol-red indicator. Growth and viability of the organisms were indicated by acid production which resulted in a decrease in pH and a consequent change in color of the indicator. The number of acid-forming units was given by the greatest dilution for which acid production was observed. / Measurement of H202-siretion rates. The rates of secretion of H202 by the mycoplasmas were measured by evaluating the H202-dependent rates of inhibition of catalase by AT, as previously described in detail (6) . In general, 1.8 ml of buffered catalase-AT-glucose mixture was equilibrated with shaking at 37 C for 10 min in test tubes 11 mm in diameter, and then 0.2 ml of mycoplasma suspension was added. After 0.5 to 1 hr, samples of 0.1 ml were removed and analyzed for catalase activity. A calibration curve (6) was employed to convert the observed catalase inhibition rates into H202 secretion rates.
Measurement of H202 with peroxidase. The accumulation of secreted H202, or the loss of added H202, was measured with a standard peroxidase method with o-dianisidine as substrate (1) . The washed mycoplasma suspensions were incubated at 37 C, and then they were centrifuged at 11,000 X g for 20 min at 5 C to sediment the organisms. Then, 1.5 ml of supernatant fluid was incubated at room temperature with 
RESULTS
H202 secretion by M. pneumoniae. The rate of secretion of H202 was proportional to the number of organisms added to the system (Table 1 , samples A-D). As expected, no loss of catalase activity occurred when AT was omitted (sample E). Since the H202-dependent mechanism of catalase inhibition proceeds through a catalase-H202 complex which can be decomposed by ethyl alcohol (4, 12) , the intermediary presence of H202 in our experiments was confirmed by the ability of ethyl alcohol to prevent enzyme inhibition (sample F).
The inclusion of glucose in the medium stimulated H202 formation by the mycoplasmas. When glucose was omitted, no H202 was observed (sample G, as contrasted to sample D); as shown by sample A, the stimulation by glucose required the presence of the microorganisms. Heating the M. pneumoniae preparation at 90 to 100 C for 10 min resulted in complete loss of H202-generating activity (sample H).
The uninoculated culture medium used to grow M. pneumoniae contained a heat-stable substance aCatalase inhibition data for samples E and F cannot be converted into H202-generation rates because the deletion of AT or the addition of ethyl alcohol prevented a response in the H202 detection system despite the presence of H202 .
b In other experiments, a small amount of H202 was detected in the absence of glucose (cf. Table  3) . c Heated at 90 to 100 C for 10 min.
which generated H202 ; that is, it inhibited catalase in the presence of AT. This substance was eliminated by the wash procedure. Absence of the interfering agent from the washed mycoplasma suspensions was verified by the inactivity of heated preparation (sample H). The H202 detected in the M. pneumoniae suspension medium could have represented a metabolic end product of the organisms, or it could have been derived indirectly via the aerobic oxidation of some secreted, autoxidizable substance. To distinguish between these two possibilities, we performed the following experiment. Mycoplasma suspensions were incubated at 37 C for 1 hr. The cells were centrifuged at 11,000 X g for 20 min at 5 C, and 0.2 ml of cell-free supernatant fluid was tested in the catalase-AT system. If an autoxidizable agent had been present, the H202 generated slowly during subsequent aerobic oxidation would have been detected by the catalase-AT system. If, on the other hand, the supernatant fluid contained secreted H202, this would not be detected because the catalase-AT system is insensitive to the direct addition of H202 (6) . In fact, no response was observed, and this result was consistent with the idea that H202 is secreted directly.
The data in Table 2 show measurements of H202 secretion by M. pneumoniae harvested after various days of growth. From the 3rd through the 5th day (samples 1-4), the amounts of H202 secreted in 1 hr by the total mycoplasma suspension ranged from 1.5 to 2.8 gmoles. On succeeding days, the viability, as measured in acid-forming units, declined markedly. On the 6th day (sample 5), despite the drop in viability, the ability to secrete H202 had not changed. However, by the 7th and 8th days (samples 6 and 7), H202 secretion was no longer detected. The latter result most probably reflected decreased metabolic activity, since the quantity of harvested microorganisms as measured by nitrogen (Kjeldahl) determination had not diminished. For example, samples 2 and 3 contained 0.06 and 0.20 mg of nitrogen per ml, respectively, whereas samples 5 and 6 contained 0. 16 a The pH listed is that of the culture fluid. The final pH of the washed suspension of organisms in buffer was 7.4.
b In a series of serial 10-fold dilutions of the mycoplasma suspensions, the number of acidforming units (per milliliter of suspension) was given by the greatest dilution for which acid production was observed with a phenol red indicator. The measurement of acid-forming units is not better than -4 1 log unit. It is complicated by the tendency of mycoplasmas to cluster in a single acid-forming unit.
c Expressed as micromoles of H202 per hour per total suspension. Each sample consisted of a suspension of mycoplasma colonies scraped from a Povitsky bottle, washed, and then suspended in 10 ml (samples 1, 3, 4) or 20 ml (samples 2, 5, 6, 7) of buffered saline. Measurements of H202 secretion were started within 10 to 30 min after preparation of the suspension.
d No H202 was detected for samples 6 (9) .
When catalase and AT were omitted so that the secreted H202 could accumulate in the mycoplasma suspensions, considerably less H202 collected than was predicted from the secretion rates (Table 3) . These results could have been due, in part, to feedback control of H202 production; however, we observed a glucose-stimulated loss of H202 that had been added to the M. pneumoniae suspensions (Table 4 ). This glucose- stimulated, peroxidase-like activity may have been due to a NADH peroxidase, such as that described in S. faecalis (8, 13) , or perhaps to an indirect dependency on reduced nicotinamide adenine dinucleotide phosphate, such as that exhibited by glutathione peroxidase of mammalian cells (3, 11) . The less-than-expected accumulation of H202 in the medium can be attributed to a dynamic interplay between the secretion and destruction of H202 by the mycoplasmas. In measurements made with the peroxidase method, continuous secretion and destruction of H202 took place simultaneously during the incubation period; undoubtedly, destruction interfered with accumulation of H202 in the medium (Table 3 ) and secretion interfered with measurements of the rate of destruction of added H202 (Table 4) . On the other hand, secretion studies performed with the catalase-AT method were less liable to interference since the H202 did not accumulate, but was simultaneously measured and destroyed by the catalase in the medium during the entire incubation period; the method measures the steady-state concentration of the catalase-H202 complex (6) , which is in dynamic equilibrium with residual free H202 in the medium. Destruction of H202 by catalase as it is secreted probably mimics the situation in vivo where secreted H202 impinges upon and reacts with adjacent tissues.
As a result of these observations, we recommend that H202-accumulation methods not be used to evaluate the potential for H202 secretion by microorganisms. The catalase-AT method can provide more reliable estimates of the capacity to secrete H202 . These estimates would be of particular importance in attempting to evaluate the role of H202 in the virulence of microorganisms.
In pathogenesis, the accumulation of H202 may not be so critical as the maintenance of a low, but toxic, steady-state concentration of H202 . It is known that reagent H202 delivered slowly and continuously to erythrocytes under steady-state conditions can cause oxidation of hemoglobin, lipid peroxidation, and lysis (3, 7). Methemoglobin formation and lysis of erythrocytes induced by mycoplasmas have been attributed to secretion of H202 (16, 17) . In erythrocytes, the high concentrations of catalase would prevent accumulation of H202 and, therefore, the cellular damage is due, more likely, to the persistence of a low H202 concentration. As suggested elsewhere (5, 10, 16) , secretion of H202 may be responsible for damage to the tissues of the respiratory tract during infection with M. pneumoniae. 
